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ABSTRACT.

1. Purification of adenosine deaminase from calf mucosa.

Batch absorption on a suspension of DEAE-oellulose was

tested as a method for speeding up the purification of adenosine

deaminase, but was found to be unsatisfactory because of large

volumes required for elution and poor recovery.

Modified chromatography, which eliminates preliminary

equilibration of the extract with buffer, and increases the

rate of flow on the column has proved satisfactory, giving an

almost 50% recovery of enzyme with a specific activity of 385 E.U.

after two chromatograms, instead of three chromatograms required

in previous purifications.

2. Purification of adenosine deaminase from cat lung.

Cat lung has been found to have a high concentration of

adenosine deaminase. The enzyme was purified by aqueous extraction

of the dried tissue, precipitation of inactive protein by

acidification to pH 4.5, and precipitation of the deaminase by

acetone followed by resolution in water and chromatography on

Sephadex,

3. Molecular weight determinations on adenosine deaminase from

calf muoosa have been performed by two methods:

(1) the approach to sedimentation equilibrium which gave a

value of 38,000 + 4,000 and (2) gel chromatography which gave a

value of 35,000 + 2,000.

49 Amino acid composition of adenosine deaminase from calf

muoosa:

Thd amino acids tryptophan, cystine, serine and throninL

which are unstable to acid hydrolysis, were estimated by special

methodse Their concentration In adenoslne deaminaso Ia reported,



5. By the Sanger dinitrophonylation technique, the amino acid

found in highest oonoentration was aspartlo acid. A method

for the removal of free amino acids found in adenosine deaminase

is desoribed.

6. Ultraviolet difference spectra and spectrophotometrie

titration of tyrosyl residues in adenosine deaminase.

The ultra violet absorption spectrum of adenosine deaminase

at neutral pH is modified either by acidification of alkalination.

The character of the difference spectra produced by either

treatment is similar and can, in part, be explained by the

breaking of tyrosyl hydrogen bonds.

Spectrophotometric titration in acid solution reveal the

presence of hydrogen bonding between the hydroxyl groups of

tyrosine and the carboKylate group of dioarboxylic aoid residues

present in the protein. The number of tyrosine residues in the

protein is 12. Speotrophotometric titration in alkaline solution

shows that 7 of these residues ionise instantaneously and are,

therefore, not hydrogen bonded. The 5 bound groups can be further

subdivided into "weakly" bound and "strongly" bound.

7, Deaminases from different sources show differences in

pattern when examined by a zymogram technique.

---------



1.

Studies on Mammalian Adenosine Deaminase.

1. Purification of adenosine deaminase from calf Muoosa.

During the current year, purification of adenosine

deaminase from calf mucosa has been continued in order to

provide sufficient material for structural and other studies.

Various modifications of the procedure have been tested

with the object of developing a reliable and standardized

method.

Batch Adsorption:

Two 40 gram lots of mucosa purified to Step 3 (acetone

Purification), (1),were treated by batch adsorption.

Extract I, after dialysis to remove acetone, was equilibrated

against 0.001 N citrate buffer pH 6.0 for 24 hours with four

changes of buffer. Extract II, after dialysis to remove

acetone, was treated immediately with 10 g. of a thick

suspension of DEAE-cellulose, which had been previously

equilibrated with 0.001 N citrate buffer pH 6.0. It was

stirred gently for 1 hour, after which the DEAE-oellulose

was filtered on a coarse grained sintered glass filter, and

washed with 0.001 N citrate buffer to remove all unabsorbed

protein. The moist pad of DEAE-oellulose was then suspended IM

0.1 N citrate buffer for elution.

Extract II (equilibrated) was treated in exactly the mmo

manner for adsorption and elution.

Table I aumarIses the res euta obtained with the two

extraotso
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TABLE I

Equilibrated

Vol. Protein e.u./mg Total e.u. % Enzyme
(i) -gm ______ flaoveny

Extraot I 41 6.4 110.0 28,864 100

Supernat ant
after
adsorption 69 0.98 0.061 4.0 0,014

[The cellulose was then washed free of unadsorbed protein.]

1st Eluate in
0.1 N aitrate
buffer 111 0.62 168.9 11,622 40,2

2nd Eluate 52 0.35 251.4 4,576 1569

3rd Eluate 53 0.189 258.3 2,464 8.5

4th Eluate 47 0.15 180.0 1.269 4.4

Total: 263 19,931 69.1

Non-Equilibrated

Extract II 44 '7.9 8205 28,688 100

Supernat ant
after
adsorption 124 0.75 .006 0i59 0,002

[The oellulose was then washed free of unadsorbed protein.]

1st Eluate
In 0.1 N
oitrate
buffer 113 0.7 152e8 12,091 42,2

2nd Eluate 55 0.417 23397 5,115 17.8

3rd Eluate 51 0,22 250.0 2,652 9,2

4th Eluate 44 0.20 iW.5 1.342 4.

Total 263 210200 73.9
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Prom this table it can be seen that the enzyme is completely

adsorbed on to the DEAE-cellulose from both extracts, so that

equilibration of the extract with buffer is unnecessary.

In both oases, 70% approx. of the applied enzyme was

recovered in the eluate but this required four extractions

with 0.1 N citrate buffer, which resulted in a greatly increased

volume in which the enzyme was dissolved. The twofold

purification which was attained was satisfactory.

Further batch purifications were carried out on non-

equilibrated protein extracts in attempts to increase the

recovery which compares unfavourably with that obtained by

chromatography and to reduce the volume of the eluate.

In one case a larger amount of mucosa 120 g. was used.

The material purified to Step 3 had an activity of 80 E.U.

and yielded after batch absorption a preparation with an

activity of 240 E.U., but the recovery was only 65% aU the

volume of the eluate, in spite of all attempts to keep it to

a minimum, was double that of the original extract.

Chromatography, which was used in previous purifications,

yielded 80 - 90% recovery of enzyme and the volume of eluate

was always less than that of the applied extract. The chief

disadvantages of chromatography are the length of time required

for equilibrating solutions prior to application and the time

taken in applying the solution to the colusn. From the

experience gained in the batch absorption studies it was felt

that the chromatographic procedure could be shortened and the

following purification of a 400 g, lot of muoosa shows this

to be correct*

The results of this pturifloation are suarized in

Table nI.
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TABLE II

Vol. Protein % Specific Total %
(ml) (mg) Protein Activity E.U. Enzyme

Recovery Recovery

Aqueous
Extract 11,080 400,000 100 871,009 100

Enz. equil.
for 1st
Chromat o-
gram 850 5,950 1,49 83.5 4 96 082 5  57.0

Enz. equil.
for 2nd
Chromat o-
gram 470 1,363 0.34 331.3 454,020 52.2

Enz. equil.
for conoen-
tration 500 1,120 0.28 384.6 430,750 49.5

The mucosa powder was purified to Step 3 (1) in 10 lots of

40 go After removal of acetone by dialysis against running tap

water and elimination of traces of undissolved protein by

centrifugation, the extracts liere stored in the frozen state

until all the mucosa had been purified to this stage. It is

possible to treat two lots of 40 grams per day so that the

complete operation including dialysis of the final extracts can

be completed in five days. The extracts, after mixingp had a

volume of 850 ml. The recovery of enzyme of 57% was lower

than usual.

This aqueous extract was then applied to a 35 x 2 om

DEAE-oellulose colun, previously equilibrated with 0.001 N

citrate pH 5.8, at a rate of 3 ml per minute, which is three

times faster than the usual rate. This operation took 5 hours

and the subsequent washing with dilute citrate buffer to remove

unadsorbed protein took 6 hours. Gradient elution was then

begun and the ensyme was recovered in 90% yield in a volume of

470 ml and with a specific activity of 330, which represents a

fourfold purification and the best purification obtained to

date by a single ejhwatnra. The absence of equilbration
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prior to applying the extract to the cellulose column, and

the fast flow rate through the column, both of which result in

a substantial saving of time, have also lead to a better yield

and purification of the enzyme.

This v w.erial was chromatographed a second time and

resulted in 1.12 grams of enzyme with a specific activity of

385 E.U. pnd in a yield of 49,5% of the original starting

material.

The enzyme was not subjected to a third chromatogram

because the specific activity had reached the maximum value

which haa been attained in recent purifications and there is now

evidence from studies on Sephadex columns that the enzyme is

accompanied by 109 of an inactive material of approximately

twice its molecular weight, but which is very similar in other

properties, which may be formed by the aggregation of two

molecules of the enzyme giving an inactive dimer.

Further chromatography of this preparation was also

undesirable because of a small contamination by bacteria which

developed in spite of the special precautions, e.g. tyndallilation

of cellulose, taken to eliminate them. Contamination, which is

now very much reduced, is still a danger, particularly when a

large batch of enzyme is being prepared, and has to be constantly

guarded against.

Before storage, the purified enzyme was concentrated and

sterilized by filtration through a bacteriological filter,

II. Purification of Adenosine Deaminase from Cat Lung.

The survey of animal tissues for ad: nosine deaminase given

in the Annual Technical Status Report No. 1, p. 14-17 (1962),

showod that the highest concentration of deaminase in the animals

examined was present in oat spleen and lung. As lung is the

larger organ, it was decided to use it as starting material in

an attempt to purity the enayme.
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60 grams of acetone-dried lung powder was prepared by

homogenising the lungs of twolve oats. The homogenate was

dehydrated by extracting twice with four times its weight of cold

acetone. After most of the acetone had been removed by filtration,

the powder was exposed to the air until free from acetone and

then dried thoroughly in a vaouum desiccator before being stored

in the cold.

The steps which had proved successful in purifying adenosine

deeminase from calf muoosa (1) water extraction, (2) acidification,

(3) acetone fractionation and (4) chromatography, were tried.

Acid treatment of the aqueous extract to pH 4.5 achieved

some purification by precipitating out protein devoid of

activity, byt it was not possible to achieve fractionation with

acetone. Low concentrations of acetone produced only cloudiness

in the solution without giving a precipitate. When precipitation

did occur at 300 v/v% acetone the deaminase was precipitated

together with all the other geoteins. However, a considerable

eoncentration of the enzyme was aehieved as the deaminase could

be dissolved in about 1/15 of the volume used for extracting it,

and purification also occurred because some of the proteins were

Insoluble and were separated by centrifugation after overnight

dialysis to remove the acetone. The solution was deep red in

colour due to the presence of a ohromoprotein, which is possibly

haemoglobin.

Some purification was achieved by chromatography on DEAE-

cellulose at pH 6.5 in 0.005 M phosphate buffer, and subsequent

gradient elution. A quantity of unadsorbed protein with no

activity was removed. On elution, a single protein peak was

obtained. The absorption readings at 280 nu, which measured

the protein, and those at 405 mp which measured the ohromogenio

material could be fitted on the same curve, Indicating that

the chief protein present was the chromoprotein. Adenosine

deaminase activity was found n all regions of the protein peak

and although tbe ennym was nbout 8.3-fold purLfieds oompared
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with the original powder# it was still contaminated with

chromoprotein, and twofold repetition of chromatography on the

collected deaminase fractions failed to give a significant

Increase in specific activity. The highest specific activity

achieved was 9.3 E.U.

A typical result of chromatography on a eolimm of

Sephadex G-75, equilibrated with 0.001 1 citrate buffer of

pE 5.8, is shown in Fig. 1.

o-0 PgorrsN
4 -4 .D&AA4iMas

Fig. 1.

It can be seen that deaminrse activity is eluted in a

region low in protein at the terminal end of the protein peaks

The chromogen is associated with the region high in protein

so that a considerable separation of this materIal from the

deaminase has been achieved. 3h the Table below, the stages

in the puwIfioatIon are ssmsaried
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Specific Yield
Activity

Cat lung powder 0.28 100

Extract after acid
treatment 1.66 95

Extract after acetone
treatment 4.40 88

Eluate from DEAE-ellulose 9.3(e --

Eluate from
Sephadex G-75 46.7 so

plo another experiment.

It can be seen from this Table that Sephadex chromatography

produced a tenfold increase in activity, while chromatography

on DEAE-oellulose only achieved a twofold Increase, The over-

all purification using Sephadex was 166-fold, but as activity

is not associated with a protein peak the deaminase Is not yet

pure and requires further fraotionation

1I1. Molecular weight determinations on Adenosine Deaminase

from Calf Mucosa.

A series of ultraoentrifugal studies were performed on

a sample of the pure enzyme by Dr. E. Tully In the Department

of Biochemistry, Brandeis University, Waltham, Mass*, UoSoAo

and the material gave a single syunetrial peak showing that

the preparation was pure.

The sedimentation constant at a series of ooncentrations

between 0.25% and 1% at pH 7.0 was measured. The results are

given in the following tables

Sobs.

10 mg/;ml 3e152
10 Vg/ml 3.248
10 mg/ml 3.199

7!5 m.m1 3o150
5.0 mg/ml 3.215
9e5 *g/ml 3.219

It an be seen from tht table that tho sediaen!tatio oonstant
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does not alter with protein concentration, which is unusual

as its value changes with conoontration for most proteins.

This enzyme is rapidly inactivated at pH values below

3.0. An attempt was made to measure the sedimentation

coefficient of acid inactivated enzyme in an effort to gain

some insight into possible structural changes oocurring on

Inactivation.

The enzyme was dissolved in 0.01 N HCI and adjusted to

pH 2.0. It was hold at this pH for 30 minutes and was then

brought to pH 7.0 by addition of 0.1 N NaOH. When run in the

ultracentrifuge it behaved completely different to the active

enzyme. No value for the sedimentation coefficient could be

obtained. An assymetric peak formed but collapsed rapidly.

An interpretation of this behaviour has not been possible, but

it is clear that the molecule has been radically altered by the

acld treatment. The molecular weight determined by the approach

to sedimentation equilibrium was found to be 38,000 + 4,000.

Dr. P. Andrews of the National Institute for Research in

Dairying, University of Reading, England, has kindly carried out

molecular weight determinations on two separately purified

samples of the deaminase, one sample was the same as that used

by Dr. E. Tully. He carried out the determinations by his

recently developed gel column ohromatograrhio technique (2)

using Sephadex G-100.

He found that the material used by Dr. Tully gave a single

symetrical peak for which a molecular weight of 35,000 + 2,000

was calculated, which is in reasonable agreement with the value

of 38,000 determined by the ultraoentrifuge. The second sample

had a main peak of molecular weight 35,000 but also contained a

minor component with a molecular weight of 70,000 + 5,000.

Studies carried out in this laboratory with Sephadex G-75

and G-100, using Dr. Andrew's technique, have also given this

minor component of molecular weight 70,000. This material has

no deamiase aotivityo bhe material present in the mjor peak
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was now found to have a specific activity of 430 E.U.

When adenosine deaminase is inactivated by 8 M urea or

2 M guanidine and then examined by gel filtration, it was found

that the peak corresponding to active material had oapletely

disappeared. A single peak corresponding to material with a

molecular weight of 70,000 was obtained. This result supports

the view that the protein of molecular weight 70,000 is an

inactive dimer of the enzyme.

IV* Amino Acid Composition.

Determination of concentration of (a) Tryptophan,

(b) Cysteine, (a) Serine and threonine.

The amino acids listed above are destroyed to varying

extents by the acid hydrolysis required to hydrolyse the peptide

linkages in proteins, and so require special methods for their

estimation.

(a) Tryptophan, which is completely destroyed by acid hydrolysis

was estimated speotrophotometrically by the method of Goodwin

and Morton (3), and after alkaline hydrolysis in the presence

of starch by the method of Dreze (4).

The speotrophotometrio method is performed on the intact

protein after alkaline denaturation by measuring the absorption

at wavelengths 280, 294.4, 340 and 370 mp. Tyrosine, which

also absorbs strongly in this region, can be estimated

simultaneously. The results with adenosine eeaminae were 1,63%

tryptophan and 4.43% tyrosine.

Alkaline hydrolysis was performed by heating 5 mg of

protein in the presence of 17 mg starch in 6 N Ba(OH) 2 for 15

hours at 120 0 C. The Ba(OH)g was removed as sulphate instead

of carbonate to avoid losses of ammonia, The precipitate was

removed by centrifugation and filtration and the supernatant

solution was concentrated on a rotary evaporator*. The ooncentlftd

solution was adjusted to pl Reg by addition of eitrate buffer,
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giving a final volume of 10 ml and 4 ml was applied to an 18 am

Stein and Moore Column for estimation. Preliminary experiments

had shown that tryptophan comes out in a well separated peak

before lysine. However, duo to the high content of lysine

relative to tryptophan in the protein, there was some overlapping

of the tryptophan and lysine peaks. Tryptophan was, therefore,

determined in different samples by (a) oolour development with

ninhydrin-hydrindantin solution and (b) by its absorption at

280 mp.

Two separate hydrolysates with different batches of

protein gave 1.68% and 1,57% by the ninhydrin oolour development

technique, while estimations at 280 4 on the combined peaks

in two further samples gave 1.56% and 1.76%.

The results by these three methods give very good

agreement, as ean be seent

Spoetrophotometry of intact protein 1.63%

After alkaline hydrolytis:
a) Colour development 1.63%

Absorption at 280 mq.V 1.64%

(b) Cysteine and oystine are destroyed to varying extents by

acid hydrolysis, so that results on these amino acids are

unreliable.

There is no evidence for the existence of free sulphydryl

groups in this enzyme and it appeared from previous analysis

that the level of cystine was low. An exact value for oystine

was obtained by use of the method of Schramm, Moore and

Bigwood (5), which oonverts the oystine to oystel acid in the

Intaot protein by performli acid oxidation. Cystelo acid is

stable to acid hydrolysis and oan be separated fzan other amino

aoids by chromatography an a aolv of Dowex resin 2 a 10 in the

ohloraetate form.

The protein after oxidation with performic sold was dried

in a votary evaporator and hydrolysed by reflaIM with aosetamt

boiling 301 for 34 hours. Am the Gstimn .oneontratica of this
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protein is low, it was nocessary to use a quantity of

hydrolysate equivalent to 10 mg of protein to got a reliable

result. Portion of this hydrolysate was also chromatog'aphed

on the Stein & Moore column in order to have a direct comparison

between the value for the cysteic acid and that of the other

amino acids in this hydrolysate. The mean value for cystel

acid was 3.65%, which is equivalent to 2.64% anhydro 12

cystine.

(a) Serine and threoline, the two hydroxyamino acids, are

destroyed at a constant rate by acid hydrolysis. The rate of

their destruction was determined by hydrolysing the protein at

11O0 C for 24 hours and for 72 hours*

By applying the formula:

logA o = t 2 -. log A1  - ( )log A2
t 2 - t i  t 2 - t 1

where Ao, A,, A2 are the quantities of amino acids present at

zero time and after time tI and t2 the amount presont in the

intact protein can be calculated. The experimental values

determined at 24 hours (tl), 72 hours (t 2 ), and the calculated

value at ser, time are given in the following table.

24 hours 72 hours 0 hour
(t1) (t)

Threonine 4995 3*39 5o55

Sorine 3.62 1o73 6.24

V. End Group Analysis.

Previous studies have shown that when adenosine deaninase

is dinitrophenylated and hydrolysed by the Sanger technique

a number of DNP amino acids are liberated.

In the present investigation an attempt was made to

determine their relative concentrations. This was particularly

important for arginine, which being water soluble, in oouparison

to the others Whioh w*r other snolnble, had not peo AMSly been
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directly compared with them. The estimation of DNP-arginine was

complicated by the presence of large amounts of DNP-E-lysine

which is also water soluble and cannot be separated cleanly from

DNP-arginine by paper chromatography. The following procedure

was developed in this laboratory for the separation of DNP-E-

lysine from DNP-arginine.

After dinitrophenylation and hydrolysis, the DNP-amino

acids were absorbed on a talc column (6). The free amino acids,

present in high concentration in the hydrolysate, are not absorbed

by talc and pass through the column. The column was washed to

remove all traces of free amino acids, after which the DNP-amino

acids were eluted by a mixture of 4 parts ethanol + 1 part 1 N

HCI. The eluate was then dinitrophenylated a second time. This

converted DNP-E-lysine into DNP-dilysine, which is ether soluble.

This solution of DNP-amino acids was extracted with ether in

which all the DNP-amino acids except DNP-arginine are soluble.

The DNP-arginine was adsorbed from the aqueous solution on a

second talc column and was eluted in a concentrated solution.

It was identified as arginine by the specific Sakaguohi test.

Its concenttation compared to DNP-aspartio acid present in the

ether soluble fraction was low. The relative concentrations

were 10 parts of DNP-aspartio to 1 of DNP-arginine, from which

it can be conoluded that it is very unlikely that arginine in

an end-group.

The ether-soluble DNP-amino acids were separated by two

dimensional chromatography aoootding to Biserte and Osteux (7).

However# DNP-aspartio and glutamio acids showed imperfect

separation and were reohromatographed using the solvent mixture

tert-amyl aloohol/potassimu hydrogen phthalate pH 5 on Whatman

No. 4 paper, which gave a very good separation of these two

aoids. The conoentration of DNP-aspartio acid was found to be

four times greater than that of glutnmio aoid. The results of

this Investigation indloate that there is a single N-terminal end

gpoup, aspartlo sold, but thin tlifforu from our earlier findings
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in which aspartio and glutamio acids appeared to be in almost

equal concentration. Threonine, which has also been identified

by chromatography in this and previous investigations, is

prosont in such a low concentration, that it cannot be

seriously considered as an N-terminal group. Sorine, on the

other hand, was present in half the concentration of aspartio

aoid.

(1) Removal of free amino acids from adenosine deaminase.

During the investigation of terminal amino acids it became

evident that many preparations of adenosine deaminase contained

small amounts of free amino acids which could not be removed

by dialysis. Although the amount of these amino acids is low

and would not affect the results in determinations of the total

amino acid composition of the protein, their presence could

affect the determination of end groups because, in this case,

only a small number of amino acids are involved and larger

amounts of protein of the order of 20 mg must be used.

It became essential to remove these amino acids which

appear to be bound to the protein in some way because they

cannot be removed by dialysis.

The first method studied was adsorption on a strongly

acidie sulphonated cation exchange resin in the hydrogen form

(Zeokarb 225). The protein solution was added to the colum

which is stated to retain amino acids but not protein.

Quantitative recovery of protein was obtained but the eluted

protein still contained amino acids when tested by precipitation

with triohloroaoetic acid (TCA) and examination of the

supernatant by paper chromatography after concentration. This

meant that amino acids were either not being fully adsorbed by

the resin or TCA precipitation was itself causing a release of

amino acids from the protein.

As there was a possibility that acidification alone might

cause liberation of amino acids from the protein, precipitation

by organic solvents was ineatigatod, Alcohols acetoe ani
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mixtures of these solvents with ether failed to give quantitative

precipitation of protein. However, an alcoholtohloroform mixture

(3:1) proved satisfactory. On re-dissolving the protein and

subsequent precipitation with TCA, a supernatant solution was

obtained with no free amino acids. This method, therefore#

provides a means of preparing protein completely free from amino

acids. It also demonstrated that free amino acids were not

liberated from the intact protein by aold treatment alone*

Determination of N-terminal amino groups with leuoine amino-

peptidase.

The interpretation of results obtained with leuoine-amino-

peptidase has been complicated by the presence of the free amino

acids associated with the protein. While leucine -aminopeptidase

certainly liberates amino acids from adenosine deanxinase, it has

not as yet been nossible to identify the amino acid or amino

acids which are liberated in highest concentration and which

would, therefore, be the N-terminal group or groups. It is

hoped that the elimination of free amino acids described in the

previous paragraph will enable more definite conclusions to be

drawn.

VT. Ultraviolet Difference spectra and speotrophotometrie

Titration of Tyrosyl residues In Adenosine Deaminase.

In recent years attempos have been made to correlate

changes in protein structure resulting from denaturation, with

ultra violet spectral changes, in the range of 230 to 320 vU.

Speotrophotometric titration based upon this phenomenon can be

applied to the states of tyrosine residues present in protein

molecules.

Crammer and Neuberger (8) first applied the method of

speotrophotometrio titration based on this principal to the

investigation of the tyrosine residues In egg albumin and insulin.

Similar Investigation hnve since bees& posfrned on poly-L-tywolne
(9)
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ohymotrypsinogen (10, 16), trypsinogon (11), papain (12),

lysozyme (13, 14, 19), bovine serum albumin (15, 16), angiotensin

peptides (24), pepsin (17), insulin (18, 19) and ribonuolease,

(20, 21). Inada (19) has recently demonstrated with oatalase

that 67 of the 93 tyrosine residues ionise instantaneously and

that the remaining 26 residues are in some way bound in the

protein molecule. He aldo found that of the 26 bound residues,

19 were "strongly" bound and that 7 were "weakly" bound in the

protein.

The present investigation deals with similar studies on

tho states of tyrosine residues in adenosine deaminase in which

three different types of residue have also been identified.

Materials:

PurIfted ndononinA deAminase was used in each ease, as

prepared by the method of Brady & O'Connell (1). Preliminary

results indieate a molecular weight between 35 - 45,000 and in

this paper a figure of 40,000 has been used.

Protein was estimated by measuring the absorbanoy at

280 Mp on a Beokmann-D.U. Speotrophotometer, with 10 mm quartz

cells. The extinction was previously correlated with a total

nitrogen estimation, which was determined by the Kjeldahl method.

The pH measurements were made at 180 C on a Radiometer Model

23 type pH meter, using a Radiometer glass electrode type G.200 B.

All readings were corrected for sodium ion conoentration with

the aid of 4 nomograph supplied with the instrument.

Speotrophotometrio Observations:t

All spectra and difference spectra wore recorded on a

Perkin-Elmr Model 137 U.V. automatic spectrophotometer.

Individual readings were taken on a Beokmnn D.U. Speotrophotombe".
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Spectral Changes in Acid and Alkaline Range:

To observe the spectral changes in the acid range,

solutions of suitably diluted enzyme at acid pH were placed in

the reference compartment, and a solution of the same enzyme

concentration buffered at pH 6.0 was placed in the analytical

compartment, and the difference in absorbance ( E) between these

solutions was recorded at 288 mp.

Enzyme solutions adjusted to alkaline pH were read against

the same concentration of enzyme buffered at pH 6.0 and the E

recorded at 297 xa.

The ionic strength of the acid and alkaline enzyme

solutions was adjusted to i = 0.1 by addition of NaCI to bring

them to the same value as the reference solution at pH 6.0. In

all cases recordings were begun 15 seconds after pH adjustment.

Analysis of Results:

E values in this paper are calculated in terms of the

number of tyrosyl hydroxyl groups per molecule of protein,

assumlng a molecular extinction for tyrosine of 2313, which is

the value determined in the present sttly with tyrosine at 295 mi.

Ultraviolet Absorption of Adenosine Deaminase.

The ultraviolet absorption spectrum of adenosine deaminase

in acid, neutral and alkaline solution is shown in Pig. 2. As

the spootrum in alkali alters with time, the curve shown for

the alkaline solution can onlv be regarded as an approximation.

.z \

.2

FI42! --
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Ultraviolet Absorption in Acid Solution:

Since Crammer and Neuberger (8) postulated the theory of

hydrogen bonding between tyrosyl residues and an aoceptor group

which might be a oarboxylate ion, their views have been

confirmed for many proteins.

An attempt is made here to ascertain if this theory holds

true for adenosine deaminase by differential speotrophotometry

as used by Laskowski (18) in studying Insulin.

When adenosine deaminase at pH 1.1 and 2.5 respectively

is compared in a spectrophotometer with a solution at pH 6.0,

the curves 1 and 2 in Fig. 3 are obtained. The major peak at

237-238 m i has been shown by Glazer et al. (16), working on

bovine serum albumin, to be due to the ohange In the environment

of the peptide beekbone of proteins caused by denaturation.

AMEMm (W) . .

Fig. 3.

The peaks at 282 im and 288 Mu were also observed In

insulin (22) and are characteristic of the shift in the tyrosyl

speotrum towards longer wavelengths when the residue beoomes

hydrogen bonded In a pootein.

The oonstanoy of the ratio u/C In Table Z shown that

Beer's Z aw holds for this ensyme, tm Whloh it ean be ocnoluded
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that the hydrogen bonding is intra- rather than intermoleoular.

Table I.

M&/M- E2 88  /

0,571 0.107 0.187

0,844 0.152 0180

1.100 0.201 0182

1.600 0.296 0.185

To gain further insight into the signifioanoe of the changes

in absorbancy at 288 mtt, shown in Fig. 3, a speotrophotometrio

titration between protein at pH 6.0 and at a series of aoid

pH values was performed. The results are shown in Fij. 4, from

which an apparent pK value of 3.75 was oaloulated.

Fig. 4

Since in the pH range of 3 to 4.6 the oarboxyl groups of

dioarboxylio acids in proteins exist as oarboxylate ions, the

oaloulated pK value can be taken as an indioation of the

ooowurenoe of bonds between suoh groups and the tyrosyl, as

postulated by Laskowaki (92) ad Soheraga (23)9
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Ultraviolet Absorption in Alkaline Solution:

Fig. 5

flig. 5 shows a difference spectrum between the enzymes

at pH 6.0 and at pH 13. This curve is similar to that of

tyrosine before and after ionisation of the phenolic hydroxyl

groups. It appears that a measure of the amount of ionisation

that occurs at any pH can be obtained from the molar extinotion,

either at 245 mj or 297-298 m .

In the following experiments, the molar extinction was

measured at 297 mnj, which allowed the use of more concentrated

solutions of enzyme than would have been possible at the shorter

wave length.

It has previously been mentioned that the absorbancy of a

solution of adenosine deaminase at pH 13 changes with time. On

altering the pH from 6 to 13, there was an instantaneous change

in molar extinction at 297 m from 10,100 to 32,500, followed by

a slow increase giving a limiting value of 41,400 after approx.

two hours,

To determine whether this time-dependent Increase was due

to the slow ionization of phenolic hydroxyl groups or to some

other denaturation phenomena, a study of the change in absorption

at the three wavelengths 265, 278 and 295 mi. was made. Tanford

and Roberts (15) found that egg albumin gave no ohange at 2'78 A
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a large ohange at 295 mp and relatively small change at 265 r ,

while serum albmin showed the largest rise at 265 mp, the

smallest at 295 with 278 rs intermediate. Cramer and Neuberger(8)

had shown that the phenolio groups of egg albumin cannot be

ionized withovt denaturation and that the Ionization is irrever5h~

from which Tanford and Roberts oonoluded that the spectral

changes occurring in egg albumin were due to liberation of

phenolic groups, while those occurring in serum albumin were due

to some other denaturation prooasso

Fig. 6

It can be seen from Pig, 6 that with adenosine deaminase

the spectral changes are similar to those found in egg albumin

with maximum change at 295 mI, no ohange at 278 zL and an

intermediate rise at 265 m4, from whioh It can be oconoluded that

the slow inorease in molar extinction oaused by alkali Is due

to the ionization of bound or buried phenoli@ hYdl'cK3y 6UPI

* Imter of Tyrosyl Residues t
By comparing the E values at 295 W& of a known tyzosine

concentration at pH 23 with that of a known protein oonontrotion

at pH 23s the nm-bor of tyzr'oln roaid e per noleau2e at



22.

deaminase was caloulated to be 12.54, which is in close

egreement with the value of 12 determined by chemoal analysis"

based on a molecular weight of 40,000.

Change in Molar Extinction:

The molar extinction at 297 Ms of solutions of doaminase

in the pH range 5 to 8 is 10p085. This value was taken as the

molar extinction of adenosine deaminase before ionisation of

the phenolic hydroxyl groups. After complete ionisation of

all phenolic groups at pH 13, the molar extinction approached

the limiting value of 41,400. The total change in molar

extinction at 297 zmr is 31,315, which corresponds to 2609 per

tyrosine residue for 12 residues and is in good agreement with

the value of 2,225 obtained for tyrosine at the vame wavelength.

Tanford and Roberts (15) found the change at 295 mn per

phenolic group to be 2430 for bovine serum albumin and e value

of 2630 was obtained with ribonueleaseo

The instantaneous change in molar extinction at 297 miL

is 22,406 which, on the basis of a change of 2,609 per tyrosine

residues means that there are 8.6 "free" tyrosine residues per

molecule of adenosine deaminaseo

Spectrophotometrio Titration:

The nature of the slow ionization was investigated by

measuring the ohange in absorption with time of a series of

solutions at pH values between 8 and I..

7I7M
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The values obtained immediately after mixing are shown in

Pig. 7 curve A, while ourVe B gives the values obtained after

the transforrmtion had been completed. Curve A has an irregular

shape and Joins Curve B at approximately pH 13.3. Curve C,

whioh is obtained by subtraction of Curve A from Curve B,

represents the ionization of the "bound" residues. The height

of Curve C at pH 12 Indicates that 5 residues are of the "bound"

type. This reans that 7 residues are "free", which is somewhat

lower than the figure of 8.6 calculated in the previous section.

The apparent pK value determined from Curve C for the bound

residues was 11.25, while a value of 10.8 for the free residues

can be derived from Curve A.

Pig. 8

The "bound" residues can be further subdivided. Curve Bp

Pig. 8, shows the decay process of the fraction f of non-lonised

forms observed at pH 12.2. It can be seen that the value of log f

decreases rapidly at first$ but then slows down and a linear

relationship between log f and the reaction time Is established.

This oours when all the "weakly bond" residueas are lonised.
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The extrapolation of the linear port in tho letor stage

shows the time course of ionisation of the "strongly" bound

residues, and its intersection at the ordinate gives the fraction

of those residues to total bound residues in the molecule.

The fraction of strongly bound residues thus determined for

adenosine doominase is four fifths of the total, which in this

ease is 4 to 1. This is the mean result of experiments carried

out at seven different pH values between 10.75 and 13.0. If

there are five bound residues in the molecule, this mear that

4 are strongly bound and one is weakly bound.

The point on the curve in Fig. 8 where equilibrium was

reached after ionisation of the weakly bound residues indicated

the end point of ionisation of the "weakly" bound residues, and

from this values of log f for the "weakly" bound residues were

calculated, and plotted against time. The result is shown In

Fig. 9.

Fig. 9

Using the formula of Dnada (19), log f - -o.434 z k(OHnt,

(where f is the fraotion of non-ionised tyrosyl residues).

the value of 0o434 x k (08) n oan be oalslated as a fumotlo of
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pH, from the inclination of the line as well as from similar

data at other pH values. The linear relationship between

log k(OH) n and pH in curve A, fig. 8, showed that the "weakly"

bound residues ionise with the rate constant k = 7.03 M 1 Sec 1"

and n = 1. This rapid ionisation with n = 1 indicates that

these residues may be buried in the interior of the molecule

and are not hydrogen bonded.

The pH dependency of log k(OH) n for the "strongly" bound

residues which was calculatad from the linear drop of log f

in the later stage is shown by eurve B, fig. 8, from which can

be calculated that k = 2.07 x I02M 1'Seo-1 , and n = 2. The

value of n = 2 indicates that the gradual ionisation was due

to the presence of hydrogen bondinig.

VII. Zone Eleotrophoresis.

Electrophoresis on starch gel combined with the zymogram

technique reported in the Annual Technical Status Report No. 1,

p. 14, 1962, has been used routinely in following enzyme

purifications and in determining the number and type of Isozyms.

present in different biologioal material.

CM

Pig. 10

Fig. 10 is a photograph of a zymogram oomparIng adenosine

deaminase in oat luA tiasue with that of a mixed preparatlon of
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calf muoose. It can be seen that the enzyme preparation in cat

lung is composed of two isozynes, while that present in the

mixed calf mucosa consists of four isozymes. Furthermore, the

isozymes from cat lung occupy different positions in the gel

to those of the calf, which shows that they are different

enzymes, although in some other properties they are similar.

The zymogram technique has also disclosed certain

irregularities in pattern in the isozymes of calf mucosa.

The results have not yet reached a stage when they can be

reported but the investigation is being actively pursued.
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.oplioations of the Results for Future Work.

1. A convenient method for the purification of adenosine

deaminase from calf muoosa in quantity and in good yield

has been developed. This onsures an adequate supply of

pure enzyme for further studies on the enzyme.

2o Progress in the purification of the enzyme from oat lung

has been achieved. When it has been fully purified it will

be compared with that of the calf.

3. The amino acid composition of mixed isozymes of calf

mucosa, now completed, will be used for comparison with

enzymes isolated from other sourses and with the

individual Isozymes when a suitable method for thour

isolation has been perfected.
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